Objectives To validate the accuracy and reproducibility of linear measurements of three-dimensional (3D) images and to compare the measurements with the direct anthropometry method on cleft lip and palate (CLP) patients. Materials and methods Nineteen linear facial measurements were derived from 16 standardized surface landmarks obtained from 37 cleft patients (20 males, 17 females; mean age 23.84 years, standard deviation ± 6.02). They were taken manually with calipers and were compared with the digitally calculated distance on the 3D images captured using the VECTRA-M5 360°I maging System with pre-marked landmarks. Another pair of 19 linear measurements were computed on the 3D images 2 weeks apart for intra-and inter-observer agreements. Statistical analyses used were paired t test, the Bland-Altman analysis, and the intra-class correlation coefficient (ICC) index. Results Most of the linear measurements showed no statistically significant differences between the proposed method and direct anthropometry linear measurements. Nevertheless, bias of the 3D imaging system is present in the linear measurements of the nose width and the upper vermillion height. The measurements' mean biases were within 2 mm, but the 95% limit of agreement was more than 2 mm. Intra-and inter-observer measurements generally showed good reproducibility. Four inter-observer measurements, the upper and lower face heights, nose width, and pronasale to left alar base were clinically significant. Conclusions Measurements obtained from this 3D imaging system are valid and reproducible for evaluating CLP patients. Clinical relevance The system is suitable to be used in a clinical setting for cleft patients. However, training of the operator is strictly advisable.
Introduction
Cleft lip and palate (CLP) patients possess certain characteristics, and the most clinically relevant affected craniofacial regions are the nose and orolabial region. Most CLP patients have larger faces than normal patients [1] . Krimmel et al. [2] observed that the highest degree of deformity was seen in the horizontal dimension of the nose. They explained that their findings might have resulted from failure to restore the loss of the medial insertion points of the facial muscle during primary operations, which flattened and elongated the alar and resulted in an increase in the horizontal nasal dimension. Othman et al. [1] compared the volumetric changes of the facial characteristics in normal and unilateral CLP patients using the VECTRA 3D Imaging System. They found that there was a significant difference in the nasolabial area between normal faces and those with unilateral CLP.
Most CLP patients that undergo early treatments are babies. They are consulted from the beginning of their life. Thus, taking records in young CLP patients may impose problems to the operator. They are unable to stay still for a long time for detailed examination. Recent technology, the fast and non-invasive three-dimensional (3D) stereophotogrammetry system, may be able to overcome this problem due to its many advantages, such as quick capture speed and the ability to produce high-resolution photorealistic images. Furthermore, it had been validated through various studies using different subjects or samples. Some used mannequin heads [3] , normal patients [4] , cadaver heads [5] , and Down syndrome patients [6] . Two studies had evaluated the reproducibility of the 3D stereophotogrammetry system on cleft infants [7, 8] , but they did not assess the accuracy of the system on these patients. Another study also evaluated the reliability of a 3D stereophotogrammetry system on cleft infants, but they only focused on the nasolabial area [9] .
Due to the volumetric changes in the facial region of these patients, it might have caused some image distortion and unclear facial landmarks. Furthermore, it has been reported that 3D imaging systems are affected by changes in muscle tone, facial expression, and head posture [10] . This could lead to inaccuracy of the 3D system, and eventually, evaluation, treatment plan, and outcome could also be compromised. To our knowledge, there are no studies that have been carried out to determine the accuracy of the measurements taken with a 3D imaging system on adult CLP patients. Previous studies were done on infant cleft patients using the 3dMDcranial System [7] [8] [9] . One study was found utilizing adult CLP patients as subjects. However, their study was on the degree of 3D asymmetry measurements of facial soft tissues [11] . Thus, the aim of this prospective experimental study was to validate the accuracy and the reproducibility of the VECTRA-M5 360°Imaging System. The null hypothesis was that there is no significant difference between measurements taken by the 3D imaging system and direct anthropometry measurements on adult CLP patients.
Materials and methods

Study design
This was a prospective experimental study to validate the accuracy and the reproducibility of linear measurements taken by the 3D VECTRA-M5 360°Imaging System and to compare the measurements with the direct anthropometry method on adult CLP patients. Ethical approval was obtained from the Medical Ethics Committee, Faculty of Dentistry, University of Malaya, Kuala Lumpur. The Ethics Committee/IRB Reference Number is DF CD1410/0086(P). The methods were carried out in accordance with the approved guidelines.
Sampling and sample
The study sample consisted of 37 cleft lip (CL) or CLP individuals with a mean age of 23.84 years (standard deviation ± 6.02) and more males (54.1%) than females (45.9%). Subjects were recruited from the Combined Cleft Lip and Palate Clinic, Faculty of Dentistry, University of Malaya. Recruitment took place from September 2015 to September 2016. The inclusion criteria were as follows: (1) repaired CL or repaired CLP patients; (2) aged 18 years old and above; (3) not wearing any facial prosthesis; (4) non-syndromic CL or CLP patients; and (6) no previous facial surgery. Exclusion criteria were as follows: (1) patients aged below 18 years old and (2) patients with cleft palate, alveolus, or soft palate only.
Sample size was calculated using G*Power Software Version 3.1.9.2 [12] . It was based on a previous study [13] on the assessment of the accuracy of the stereophotogrammetry system and considered the most affected facial region of CLP patients [1, 2, 14] . Sample size was chosen with consideration for a mean difference between two methods of 0.75 mm and a standard deviation of 1.43 mm [13] . Therefore, with a sample size of 37, there will be 0.87 power (α = 0.05) to detect at least 1 mm difference in measurement.
For analyzing reproducibility of the system, the sample size was calculated using an equation proposed by Walter et al. [15] to determine the total number of samples needed to test the intra-class correlation coefficient. Ten images were needed taking into account the acceptable correlation was set at 0.40 [16] and the range of intra-and inter-class correlation reported by previous studies was 0.73 to 0.99 for nose width [3, 4, 6] . Randomization software was used to randomly select the 10 unlabeled 3D images [17] . Measurements on these 10 selected images were taken once and again after 2 weeks to reduce memory bias by the same observer for intra-observer reproducibility and another set by a different observer for interobserver reproducibility.
All suitable subjects were given verbal and written explanations regarding the purpose as well as the nature of the study procedure, and invited to join the research. Verbal and written consent was obtained from the subjects who agreed to participate.
VECTRA 3D imaging system
The VECTRA-M5 360°Imaging System, developed by Canfield Scientific Inc., Fairfield, NJ, USA, was used in this study (Fig. 1) . It is a photogrammetry system that consists of five pods of cameras placed at different angulations from the subject. The camera pods were fixed to an interconnected rigid frame, and the subject sat in the middle of the frame. Each pod contained one color camera and one monochrome camera. These two-dimensional (2D) digital cameras captured the image simultaneously, and the outcome was seen in a 3D image. The VECTRA-M5 360°Imaging System is able to capture a full 360°picture of the head in less than 2 ms. The images were then processed within a few minutes by the Mirror® software (Canfield, Fairfield, NJ, USA) to produce a colored and textured 3D image of the subject, which the operator was able to explore in x, y, and z dimensions. The image-capturing procedure was carried out at the Faculty of Dentistry, University of Malaya, Kuala Lumpur.
Calibration of the VECTRA-M5 360°Imaging System was made according to the manufacturer's instructions to ensure detailed geometric configuration of all cameras. It is important to run this process so that the relationship of the cameras and other components is understood and recorded by the system. The camera was calibrated daily or when the system had been moved or altered.
Facial landmarks and linear measurements
Nineteen linear facial measurements derived from 16 standardized surface landmarks were used in this study [14, 18, 19] . The landmarks and linear measurement descriptions ( Fig.  2 ; Table 1 ) were selected for their clinical relevance in describing the facial analysis of the cleft patients.
Direct anthropometry
Each subject sat on a stool with their head in a natural position to ensure reproducibility [20] . The subjects were instructed to relax and minimize their facial expression, which can influence measurements. Fifteen out of the 25 landmarks were marked on each subject's face with 0.5-mm-diameter dots using a liquid eyeliner [21] .
A digital sliding caliper (Pro-Max, Mitutoyo, Japan) was used for direct facial linear measurements, calculated to the nearest 0.01 mm. Two sets of measurements were taken with at least 15 min between measurements. These measurements were averaged and were accepted as the maximum accuracy achievable. As manual measurements served as the gold standard, it was assumed that these measurements represented the actual distances between landmarks [22] . Measurements were performed with care and avoided placing pressure on the soft tissue, which may lead to soft tissue deformation by the Fig. 2 Anthropometric landmarks. n soft tissue nasion, prn pronasale, sn subnasale, Is labrale superius, sto stomion , li labrale inferius, gn soft tissue gnathion, en endocanthion, ex exocanthion, ps palpebrale superius, pi palpebrale inferius, pi pupil, al alare, sbal subalare, cph christa philtri, ch cheilion pointed arms of the calipers [18] . All measurements were made by a single operator (LS) and took an average of 45 min to complete per subject.
Digitalized facial measurements
Subjects wore a head cap prior to image capture as the imaging system was not able to record hair, which can lead to image distortion. Subjects sat in the center of the imaging system frame with their head in a natural position [20] . The computer monitor displayed five paneled windows to preview the subject's position prior to image capture. The central image preview had a grid to guide the operator to adjust the position of the subject to get the maximum field of view. Similar to direct anthropometry, the subjects were asked to relax with a neutral facial expression. Two image captures were taken, one without and another with landmarks labeled on the subject's face. After each procedure, the data was immediately processed to form a 3D image in natural color ( Fig.  2 ) to assess whether it was acceptable. Otherwise, the image capture process was repeated. Landmarks on the unlabeled faces were identified by their natural references and definitions ( Fig. 2 ; Table 1 ) while those of the labeled faces were identified by the marks made on the faces, which were taken prior to image capture using the liquid eyeliner. The mouse was used to maneuver the pointer and manually mark the identified landmarks on the processed 3D image. The linear measurements between the landmarks that represented the facial characteristics were calculated by the software. As with direct caliper measurements, each subject's images were measured twice, 15 min apart. The values were then averaged.
Statistical analysis
Data collected were analyzed using the Statistical Package for the Social Sciences (SPSS) Version 23 (SPSS for Windows, SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk test was carried out on all data of the direct and 3D digitized measurements. The result confirmed data normality. To assess systematic bias between the methods for a specific variable, differences in linear measurements were assessed using the paired t test. Bland analyses were performed to assess agreement between direct and 3D digitized measurements. For this analysis, a total deviation of ± 2.0 mm was defined to be clinically acceptable. Therefore, a 95% limit of agreement beyond 2 mm was considered as not clinically acceptable [4, 18, 23] . Intra-class correlation coefficient (ICC) was used to evaluate the consistency between measurements.
To assess if repeated measurements were significantly different at specific anatomic landmarks per rater and between raters (after a 2-week interval), for the 3D stereophotogrammetry images, the paired t test (normally distributed data) and nonparametric Wilcoxon signed rank test (non-normally distributed data) were performed. To evaluate the reliability of the measurements per observer (LS) and between two different observers (LS and RA), the ICC was assessed. For this analysis, high reliability is indicated when the value is close to 1 and low reliability is indicated when the value is near to 0.
The level of significance for the paired t test was set at p < 0.002 after Bonferroni correction in order to reduce type 1 error.
Results
The sample group comprised 17 left CLP (45.9%), 15 bilateral CLP (40.5%), 3 right cleft lip (8.1%), and 2 right CLP (5.4%) with a mean age of 23.8 (SD 6.0) years. The means and SD for direct and 3D digital measurements for each variable are shown in Table 2 . The average differences were generally negative, comprising 14 linear measurements out of 19 measurements (73.7%) that were taken, which indicated that 3D digital measurements had slightly higher measurement values. Table 3 displays the statistical analysis comparing the direct and 3D digital method of measurements for the facial region. Paired t test showed that the differences were not statistically significant (p > 0.002 and 95% CI included zero). The highest mean difference was the upper face height (− 0.37 mm ± 2.04) followed by the lower face height (− 0.11 mm ± 1.79), and the least difference was face height (− 0.06 mm ± 0.99). There was good correlation between both methods with the ICC values of 0.95 to 0.99. However, Bland-Altman 95% limits of agreement showed clinically acceptable differences (< 2 mm) only for the face height. The upper and lower face heights showed clinically unacceptable differences between the two methods with 95% limits of agreement that exceeded ± 2.00 mm (Fig. 3 ).
Accuracy of the 3D stereophotogrammetry
Facial region
Nose region
The results for the nose regions showed that all the measurements between direct and 3D digital methods had no statistically significant differences except for nose width (p < 0.002 and 95% CI exclude zero) ( Table 4 ). The consistency of the measurements showed good correlation with the strength range of 0.86 to 0.98. The least agreeable measurement between the two methods was the nose width (ICC = 0.86). Nevertheless, it was still considered of good agreement. However, 95% limits of agreements were clinically unacceptable for the nose dorsum length (− 2.43 to 3.15) and nose width (− 5.09 to 2.39) (Fig. 4) .
Orolabial region
There were no statistically significant differences in all orofacial measurements between both methods except for upper vermillion height (p < 0.002 and 95% CI exclude zero) (Table 5) . Generally, the ICC values showed good correlations for all measurements between the two methods (range 0.87 to 0.97). There is only one measurement which was the lower vermillion height that fell slightly in the range of acceptable correlation (0.61). The systematic differences between the two methods were small, with the largest mean bias found on measurement of the upper vermillion height showing that the 3D method was 1.02 mm longer than the manual method. Nonetheless, the 95% limit of agreement was not clinically acceptable for eight out of 12 linear measurements of the orolabial region (Fig. 5) . Only measurements of the cutaneous upper lip height, subalare width, and subnasale to the left and right alar bases between the two methods were clinically acceptable (< 2.0 mm).
Reproducibility of 3D landmark localization
Intra-observer reproducibility Table 6 presents the results for intra-observer reliability on ten selected samples. Shapiro-Wilk test found that three of the measurements were not normally distributed. Therefore, the Wilcoxon signed rank test was performed on these nonnormally distributed measurements. Paired t tests showed that the intra-observer's measurements were not statistically significant (p > 0.002) for all linear measurements. Fourteen out of 19 linear measurements were in good agreement (ICC scores were between 0.77 and 0.96; p < 0.05). The ICC of four measurements fell in the range of acceptable agreement (0.61 to 0.72; p < 0.05). Only one measurement, subnasale to left alar base, was in poor agreement (0.38; p > 0.05).
Inter-observer reproducibility
The same statistical tests were prepared to compare the reproducibility of the calculated distances between two observers. The results are displayed in Table 7 . One of the measurements, subalare width, was not normally distributed; thus, Wilcoxon signed rank test was conducted.
Paired t test showed that all linear measurements between the two observers were not statistically significant. However, upper face height (2.13 mm ± 3.07), lower face height (− 3.31 mm ± 4.46), nose width (2.62 mm ± 2.93), and pronasale to left alar base (2.47 mm ± 2.75) showed mean differences beyond 2 mm.
Nine linear measurements showed good agreement between the two observers (ICC between 0.77 and 0.89; p < 0.05), and seven other linear measurements were in the range of acceptable correlation (0.51-0.72; p < 0.05). The other three, protrusion of nasal tip, pronasale to right alar base, and subnasale to left alar base, showed poor agreement (0.34-0.42; p > 0.05).
Discussion
Any newly developed system needs to be validated prior to application in any clinical use. Validation measures the extent to which the diagnostic test, in this instant the 3D stereophotogrammetry system, is able to perform and accomplish what it is designed for. It is determined by measuring how well a test performs against the gold or criterion standard, which in this case is the direct measurement [24] . Past studies have reported the validity of the 3D stereophotogrammetry systems. Validation tests have been performed on the mannequin head [3, 21, 25] , cadaver heads [5] , normal facial morphology patients [4, 25] , non-synostotic cranial deformity [26] , and also static objects [22, 27, 28] . The system has been reported as valid to be used in a clinical setting. The clinically acceptable limit of the difference between the diagnostic and the gold standard has been set at 2 mm [4, 28] . The Bland-Altman analysis was performed to analyze the limit of agreement [4, 29, 30] . From various studies that have been conducted, the accepted mean difference that is considered to be clinically acceptable is below 2 mm [4, 18, 23] . We therefore propose that a difference of 2 mm is an appropriate threshold to indicate clinical relevance distance between the diagnostic and the gold standard. This means that a significant change can be observed and detected if the difference is 2 mm or more.
The current study design of implementation of the 3D surface analysis in the craniofacial region had been executed in previous studies. However, most of the studies on CLP patients were on infants or adolescents [7] [8] [9] . The reason might be that these patients are still in the treatment phase; hence, subjects are easily recruited from the clinic. In contrast to adult patients, they usually have completed their treatment. In consequence, subjects' recruitment is difficult and as a result not many studies have been done on adult CLP patients.
The linear measurement method was chosen in this study to measure validity as it reflects the clinical setting. The alternative method using landmark coordinates does not reflect this. Furthermore, linear measurements help to avoid the errors that can be made by landmark markings [31, 32] . In this study, landmarks were labeled by a liquid eyeliner, which produces a fine dot with a dimension of 0.5 mm as recommended by Kook et al. [3] . This will also reduce the error of landmark localization [6, 24] .
Aynechi et al. [18] investigated the influence of landmark labeling on the accuracy and precision of an indirect facial anthropometric technique. Ten stereophotogrammetry images were obtained, one group with labeled landmarks and another without prior to image capturing. They found statistically significant differences in seven of the labeled landmarks and six in the unlabeled landmarks. The error was below 2 mm; hence, they concluded that the measurements obtained via the 3D imaging system have good agreement with the direct method of measurement with or without landmarks. Landmarks such as nasion and gnathion require palpation for identification. Thus, to reduce any bias in landmark placement on the 3D images, landmark labeling on the patients prior to image capturing was advocated. 
Validation of the 3D VECTRA imaging system
The validity of the 3D VECTRA 360°imaging system using a mannequin head had been conducted by Metzler et al. [25] . The mannequin head was labeled with 52 landmarks, and 28 3D images were taken. They measured the distances between landmarks manually using a conventional caliper and compared it with the digitally calculated distances acquired from labeling by two independent observers. Non-significant differences were found between both groups, with a mean difference of 1.33 mm. In the present study, the descriptive data exhibited that 14 (74%) of the 3D measurements had larger values than the manual measurements, which is in accordance with Aynechi et al. [18] and Ghaddousi et al. [27] . Interestingly, there were no statistically significant differences in the linear measurements between methods in the facial regions which were presented by face height, upper face height, and lower face height. However, only the face height did not show clinically significant differences between the two methods. For measurements of the upper and lower face heights, the 95% limit of agreement indicated that the majority of the mean differences were not within 2 mm.
Localization of stomion, a landmark for upper face height, was challenging because this landmark was not labeled prior to direct or image acquisition, and the border of the stomion was affected by the severity of the cleft. Subnasale, which is the intersection between the nose base and upper lip, and a landmark for lower face height, was also affected by the severity of the cleft. Furthermore, some subjects have a nose that curves downwards, making landmark identifying and labeling difficult. The mean bias for face height was very small at 0.06 mm, while lower face height had a higher difference of 0.11 mm and upper face height had the most difference of 0.37 mm. Previous literature had not advocated BlandAltman analysis widely; thus, direct comparison is difficult.
Nose height showed very minimal differences with no statistically or clinically significant differences. The nose width in the alar region was significantly different between the direct and 3D digitized methods. The mean difference obtained was 1.35 mm ± 1.91, which is much higher than what was reported by Dindaroğlu et al. [4] (0.007 mm) and Heike et al. [6] (0.3 mm). It could be recommended that there should be an adjustment of around 1.35 mm in the measurements taken via 3D images [33] . However, considering that clinical significance is 2 mm, this adjustment may not be necessary. The differences were clinically significant and generally large, with the highest difference detected to be 5.09 mm. The discrepancies might be due to the fact that alar is a landmark that has undercuts with dark holes which the 3D system may not be able to capture accurately [34] . The convexity of the alar region makes placing of the pointed caliper point difficult during direct measurement. Additionally, lack of rigidity of the soft tissue can cause distortion when the caliper's pointer is in contact with the dot [3, 21] . This is also reflected in the agreement during placement of the landmarks with the lowest ICC value of the nasal region of 0.86. The error can be minimized by marking the landmark prior to imaging and measuring and also by positioning the patient in a standardized manner [34] . The mean differences of the protrusion of the nasal tip and the dorsum nose were 0.36 mm and 0.25 mm respectively, which is in agreement with previous studies [3, 4, 6] . The differences in the protrusion of the nasal tip were within 2 mm, but the nose dorsum length showed clinical significance. Extra caution should be employed in localization of the pronasale landmark, which was identified by viewing the patient in profile view. The angulation of the patient might affect the placement of this landmark. Light reflection may also influence digital identification of the landmarks [27] . In this current study, nose height showed a 95% limit of agreement between 1.95 and 1.93 mm, which is higher compared to the value reported by Dindaroğlu et al. [4] (− 1.14 mm to 0.96 mm). Most of the values were within the 95% limit of agreement. Similarly, the nasal tip could be incorrectly placed due to light reflections and the angulation of the image in profile view. All of the linear landmarks measured in the orolabial region had a discrepancy below 2 mm in all of the measurements. Heike et al. [6] reported similar findings in mouth width, upper lip height, and upper and lower vermillion height, with the mean differences ranging from 0.6 to 1.3 mm. A significant difference was found in upper vermillion height with a mean difference of 1.02 mm ± 1.08 between the two methods. This area, especially the labrale superius, is affected by the severity of the cleft side and the fact that the stomion is unmarked [18] . Furthermore, this area consists of mobile soft tissues which could be affected by the posture of the lips that could occur during direct measurement or during image acquisition. Unfortunately, this type of error occurs in all types of anthropometry techniques and no technique to date could avoid such error completely [35] . A higher median difference of more than 2.50 mm was found in a study done by Ghoddousi et al. [27] . As no human being can maintain a natural facial expression, changes in facial expressions during direct measurement and image capturing will increase the chance of error [36] . The Bland-Altman analysis showed that only four out of 12 linear measurements of the orolabial region were within the 95% limit of agreement. Nonetheless, the mean bias in the measurements between methods in the orolabial region is less than 2 mm, being the highest difference in upper vermillion height of 1 mm. Thus, no adjustment to compensate for bias is necessary for the 3D measurements.
Reproducibility of the 3D VECTRA imaging system
The second objective of this study was to evaluate the reproducibility of the digital measurements obtained using the VECTRA imaging system intra-and inter-operatively.
Reproducibility has been referred to as the variation or consistency in measurements made on a subject under changing conditions [37] and has been defined as the closeness of successive measurements of the same object [38] .
Intra-observer reproducibility
Plooij et al. [26] investigated the reproducibility of multiple landmarks with the use of a stereophotography image using based reference frame and soft tissue landmarks. The mean differences in the alar region for the 3D reference frames were 0.99 mm (observer 1) and 0.67 mm (observer 2). By using the 3D coordinate system, it was reported that intra-observer error was 1.00 mm (observer 1) and 0.65 mm (observer 2). Though they employed a normal subject without a cleft and used different types of camera, interestingly, a similar finding was obtained in the current study by comparing the 3D reference frame difference whereby a difference of 0.70 mm was acquired for the alar region. Othman et al. [39] also investigated the reproducibility of 24 facial landmarks on a normal subject using the 3D VECTRA dual module camera. They found that for all the landmarks, the ICC ranged from 0.68 to 0.97 and there was no significant difference in locating the landmarks. The most reproducible landmark was the nasion (ICC = 0.97; mean difference = 0.23 mm). In the present study, the ICC values with the linear distances involving the nasion (face height, upper face height, nose height, and nose dorsum length) ranged from 0.77 to 0.96. The slightly lower value observed may be due to the cleft subjects used in this study. Wong et al. [24] reported that the intra-observer agreement ranged from 0.66 to 0.99 with a grand mean of 0.91. They concluded that the inconsistency of landmark identification is due to a poorly defined upper philtral crest, presence of facial hair, and flash from the camera obscuring these landmarks. Heike et al. [6] assessed the reliability of the 3dMDface System. The participants were children and adults who had abnormal facial characteristics, with and without 22q11.2 deletion syndrome. They found the intra-rater reliability ranged from 0.65 to 0.99. Their intra-rater reliability for the mouth region ranged from 0.94 to 0.98, indicating good agreement for the areas. In contrast with the recent study, the ICC values were lower, 0.56 to 0.96 for the mouth regions. In the nose region, both studies had similar acceptable to good agreement (0.65 to 0.99 for Heike et al.; 0.42 to 0.95 for the current study); however, it can be observed that the current study had slightly lower ICC values. The landmarks' reproducibility did not exceed the cutoff 2 mm clinical significance threshold; thus, it can be noted that the landmarks' placement error does not significantly affect the measurement for intra-observer reliability [34] . Most of the errors in measurement were made during the direct anthropometry and were affected by the ability and experience of the operator.
Inter-observer reproducibility
The general assumption from the result obtained in this study is that the ICC values for reproducibility of the linear landmarks ranged from 0.34 to 0.89. Dindaroglu et al. [4] conducted a study evaluating the accuracy and reliability of the 3D stereophotogrammetry compared to the direct method. They found a very high ICC value of inter-observer reliability (0.90 to 0.99). Plooij et al. [26] on the other hand reported slightly low inter-observer agreement of 0.69 to 0.99; however, they utilized the reference frame and the 3D coordinates.
The upper and lower face heights have mean differences of 2.13 mm ± 3.07 and − 3.31 mm ± 4.46, respectively, which indicated clinically significant differences. These discrepancies could be attributed to the difficulty in identifying landmarks which involve palpation such as the nasion and gnathion [28] ; however, these potential errors do not affect the outcome [27] . de Menezes et al. [28] also reported that the discrepancies in the ICC p value = * < 0.05, ** < 0.01, *** < 0.001; § = Wilcoxon rank test was performed measurements might be due to the digitization of unmarked landmarks. Inter-observer reliability in this study had similar findings with Heike et al. [6] . Baysal et al. [40] evaluated the intra-and inter-examiner reproducibility of the soft tissue landmarks using 3-DMD Face (3-DM TM Ltd, Atlanta, GA). The ICC ranges for intra-and inter-examiners were from 0.99 to 1.00 and 0.99 to 1.00, respectively. The identification of the landmarks by different raters showed a mean difference below 0.10 mm except for the left alar (0.11 mm). However, direct comparison to the current study is impossible because they used coordinates for landmark localization, while in this current study, linear measurements were used. There are various papers that have evaluated the accuracy and reliability of 3D stereophotogrammetry systems. However, direct comparison is difficult due to the differences in the study design, measurement protocols, and statistical analyses [24] . Furthermore, there is a degree of human error when physical and digital measurements were made [21] .
In summary, nose width and the upper vermillion height measured from the nose and the orolabial regions, respectively, exhibited slightly lower accuracy when measured using the VECTRA-M5 360°Imaging System (Fig. 6 ). This could be due to the fact that the alar is a landmark that has undercuts creating shadows that the 3D system is not able to capture accurately. The convexity of the alar region and the lack of rigidity of the soft tissue made it difficult to locate the landmarks. The labrale superius landmark is affected by the severity of the cleft side, which could affect the accuracy of the upper vermillion height. Furthermore, the mobile soft tissue in this area could also be affected by lip posture that could occur during the procedures.
Inter-observer reproducibility of the nasal tip protrusion was low and the subnasale to the left alar base had the lowest intra-and inter-observer reproducibility (Fig. 6 ). Both measurements are from the nose region where the area was affected by the cleft side. These discrepancies could be attributed to the difficulty in identifying the landmarks due to the convexity and distorted soft tissue from the surgical scar. An inexperienced operator could also contribute to the discrepancies.
The data of this interesting patient cohort used in the current study has potential values in the clinical setting. CLP patients' treatment protocol normally continues to adulthood, especially for those who need orthognathic surgery. To achieve a good treatment outcome, the characteristics of the defects, especially from the facial area, must be completely understood by the operator. Pre-and post-soft tissue surgical treatment assessment and evaluation of these patients are very important. On that account, data from the 3D soft tissue analysis of adult CLP patients could be used in the initial treatment planning phase and may be beneficial in the evaluation of the surgical outcome.
One of the limitations of the current study is that it relies on the operator's skills to manually identify landmarks, so accuracy may be affected by the operator's skills and exhaustion of frequently repeated measurements. Currently, automated landmark localization using curvature maps and profile analysis is in development, which has the potential to reduce inaccuracy caused by operator error [41] . Such a method is currently not easily accessible. However, it may potentially be used for future studies when commercially available.
Conclusions
The validation and the reproducibility of the VECTRA-M5 360°I maging System on CLP subjects have been analyzed and compared with direct anthropometry linear measurements. From the results obtained, most of the linear measurements show no statistically significant differences between the proposed method and direct anthropometry linear measurements. Nevertheless, bias of the 3D imaging system is present in the linear measurements of the nose width and the upper vermillion height. The measurements' mean biases were within 2 mm, but the 95% limit of agreement was more than 2 mm. Intra-and interobserver measurements generally showed good reproducibility. Four inter-observer measurements were clinically significant; they were the upper and lower face heights, nose width, and pronasale to left alar base. It can be concluded that the measurements obtained from the 3D imaging system are valid and reproducible for evaluating adult CLP patients and are suitable to be used in the clinical setting. However, training of the operator is strictly advisable. In addition, extra attention and caution must be taken when measuring the areas around the nose and the upper lips, specifically the subnasale to the left alar, protrusion of the nasal tip, nose width, and the upper vermillion height. 
